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Abstract 
A Rankine-Cycle for exhaust heat recovery in heavy duty diesel engines for mobile (on-road and non-road) 
applications is simulated. The mobile application is an exceptional challenge which requires a special configuration 
of custom-designed, compact and powerful system components. For example, the expansion device considered in this 
study is a special oil-lubricated screw expander and the working fluid is a mixture of water and/or wet organic fluids 
and lubricating oil. To accurately model all system components with respect to their highly variable, engine 
dependent partial load performance, sophisticated simulation tools are required. Simulation results provide a basis for 
system layouts, design of the system components, ideal process parameters and suitable working fluid compositions. 
They show that fuel savings – i.e. the ratio of recovered power to motor power – of 5 % can easily be achieved in 
marine application. Due to more restricting recooling capacities, fuel savings are considerably lower in rail 
application. 
 
 
 
© 2014 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
 
Keywords: Rankine Cycle; Exhaust Heat Recovery; Diesel Engine; Simulation 
1. Introduction 
In times of depleted petroleum supplies, greenhouse effect and stringent environmental emissions 
regulations it is an important challenge to improve the efficiency of internal combustion engines, which 
are characterized by large fuel demands and high carbon dioxide emissions. Due to the fact that about one 
third of the fuel-bound energy gets lost through waste heat in the exhaust gas, the recovery of exhaust heat 
is a promising approach to improve the efficiency of internal combustion engines [1]. In this study 
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Exhaust Heat Recovery (EHR) by an (Organic) Rankine Cycle (ORC) is investigated for heavy duty 
diesel engines in on-road and non-road applications. Some results for non-road applications – ships and 
rail vehicles – shall be presented. 
2. System description 
In a basic ORC the most commonly used expansion devices require dry expansion to avoid liquid 
droplets at their later stages and thus working fluid in superheated state downstream of the heat exchanger 
and during the entire expansion process. To optimize this process, the superheating temperature can be 
maximized. This causes a higher mean temperature of the heat supply and usually a higher thermal 
efficiency, i.e. an improved ratio of net power output to transferred exhaust heat. 
From an exergetic point of view partial heating of the working fluid may be advantageous. The 
superheating process accounts for a major portion of exergy destruction in the heat exchanger. The use of 
dry organic fluids would allow for dry expansion without superheating the working fluid in the heat 
exchanger. Another approach is the so called Trilateral Cylce (TLC) and the use of wet expansion. Due to 
the fact that the constant temperature during evaporation process also contributes a large portion of 
exergy destruction, the working fluid may be just heated up to its boiling point and flash evaporated in a 
two-phase expander. In [2] it was found that the exergy efficiency for power production is larger by 14 % 
to 29 % for the TLC than for an ORC. But partial heating may also enlarge the outgoing volume flows 
from the expander and consequently the size of system components. 
For exhaust heat recovery not the thermal efficiency but the amount of the net power output is the 
crucial parameter. If heat transfer is restricted by the pinch point, the mass flow of the working fluid 
decreases with increasing superheating temperature and less heat can be extracted from the exhaust gas. 
Although the thermal efficiency gets higher with increasing superheating temperature, both the net power 
output and the transferred heat may decrease. Calculations with given exhaust gas parameters show, that 
the maximum net power output can be achieved without superheating. 
Since the available space in a vehicle is limited and extra weight causes higher fuel consumption, 
every system component has to be as small as possible. Furthermore, the design of the expansion device 
gets more difficult, the higher the liquid fraction of the working fluid during the expansion process is. 
Therefore, a TLC does not seem preferable for EHR. In this investigation the saturated vapor cycle turns 
out to be the most appropriate process. 
2.1. Expansion device 
Since in saturated vapor cycles some working fluids tend to condensate during the expansion process 
and liquid in the expansion device has to be expected, a screw expander is very suitable for this 
application. The vast majority of screw expanders are unsynchronized machines with rotors and bearings 
that require adequate lubrication. Unsynchronized screw expanders are lighter and smaller than 
synchronized screw expanders, are easier to assemble and have energetic advantages. A certain amount of 
lubricating liquid in a screw expander is advantageous and should result from condensation during the 
expansion process or be deliberately injected. [3] 
2.2. System Description 
Due to excellent thermodynamic properties with respect to the requirements of this application, ethanol 
or water are chosen as possible working fluids. These are wet organic fluids, which partially condensate 
during the expansion process. To further improve the lubricating properties, a special oil is admixed with 
the working fluid, so that a mixture of ethanol or water and lubricating oil flows through the entire cycle. 
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To guarantee sufficient lubrication and to avoid oil deposition, a minimum liquid content of the fluid is 
required to entrain the oil in every system component. To ensure this, the fluid is not evaporated 
completely. Downstream of the heat exchanger the working fluid is separated into its saturated vapor 
component, which is injected into the expander, and its oil-rich liquid component, which is stored in a 
reservoir. The oil-rich liquid from the reservoir is injected into the expander in the required quantity. 
3. Simulation 
The exhaust gas parameters depend on engine load and are highly variable. Thus, modeling of partial 
load performance is very important. To allow for a quasi static approach the engine load profile is 
reduced to some characteristic engine operating points, which can be weighted with their respective 
timeshare. 
The performance of the heat exchanger is restricted by a minimum pinch point temperature difference 
and a minimum exhaust gas temperature to avoid acid condensation. The latter one gains more 
importance in engine operating points with higher exhaust gas temperatures, whilst the first one becomes 
more restrictive at lower temperatures. The design of the heat exchanger has to ensure that these 
restrictions are satisfied in every engine operating point. To simulate the heat exchangers partial load 
performance a simple experimentally validated model is applied, which characterizes a specific heat 
exchanger by a dimensionless factor. In this model the pinch point temperature difference becomes a 
function of the exhaust gas inlet temperature and the maximum system pressure. 
The performance of the expander depends on different parameters like inlet and outlet pressure level or 
the circular speed of the rotors. Different working fluid mass flows cause different isentropic efficiencies 
and power outputs. With optimized process parameters effective isentropic efficiencies of about 60% can 
be reached. The expander is designed by the Chair of Fluidics of the TU Dortmund. They provide detailed 
lookup tables to model the part load behavior of the expander in the simulation tool [4]. 
4. Results 
Simulation results provide a basis for system layouts, design of the system components, ideal process 
parameters and suitable working fluid compositions. The fuel savings, i.e. the ratio of recovered power to 
motor power, should at least amount to 5 %. Figure 1 shows that this can easily be achieved in marine 
application, where surrounding water provides virtually unlimited recooling capacity. Due to more 
restricting recooling capacities and different engine load profiles fuel savings are lower in rail application.  
 
   
Fig. 1. simulation results, saturated vapor cycle, ethanol without oil; (a) marine application; (b) rail application 
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Results of simulation runs with different working fluids show that ethanol is preferable to water and to 
ethanol/water mixtures. Because of the steeper slope of the saturated liquid line the pinch point restriction 
is more significant with water as working fluid. With ethanol the exhaust heat can be utilized more 
efficiently and fuel savings are higher. 
Oil is essential for lubrication of the expander, but it has a negative effect on power output. On one 
hand the oil partially absorbs the exhaust heat and on the other hand it does not contribute to the 
expansion power. Table 1 shows exemplarily the effect of different oil contents on fuel savings for one 
operating point in the marine application with ethanol as working fluid. It is important to note that the 
underlying expander lookup tables are only valid for the saturated vapor cycle with ethanol in saturated 
state at the inlet of the expander. With increasing oil contents the results get inaccurate. Therefore, the 
results should only be seen as a preliminary potential analysis. Nevertheless, they show that fuel savings 
of 5% can theoretically be achieved with quite high oil contents of up to 20%. 
Table 1. Effect of different oil contents ሶ݉ ୭୧୪Ȁሺ ሶ݉ ୭୧୪ ൅ ሶ݉ ୣ୲୦ୟ୬୭୪ሻ on fuel savings in one operating point (marine application) 
oil content [%] absorbed heat by oil [%] fuel savings [%] 
0 0.0 6.0 
10 6.4 5.5 
20 13.0 5.0 
30 19.9 4.5 
40 27.1 4.0 
50 34.8 3.5 
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